RAG1 and RAG2 are essential subunits of the V(D)J recombinase required for the generation of the 18 variability of antibodies and T-cell receptors in jawed vertebrates. It was demonstrated that the 19 amphioxus homologue of RAG1-RAG2 is encoded in an active transposon, belonging to the 20 transposase DDE superfamily. The data provided supports to the possibility that the RAG 21 transposon has been active through the deuterostome evolution and is still active in several lineages. 22
Introduction 30
The recombination-activating gene products known as RAG1 and RAG2 proteins constitute the 31 enzymatic core of the V(D)J recombination machinery of jawed vertebrates. The RAG1-RAG2 32 complex catalyzes random assembly of variable, diverse and joining gene segments that are present 33 in the jawed vertebrates genomes in numerous copies and together, with hyper-mutation, generate 34 the great diversity of the assembled antibodies and T-cell receptors. Therefore, the RAG1-RAG2 35 role in the V(D)J rearrangement of antigen receptors is crucial for the jawed vertebrates adaptive 36 immunity (Teng and Schatz 2015). Concerning the origins of RAG1-RAG2, it remains elusive for 37 more than 30 years as the genes were only found in jawed vertebrates (Danchin E. et al. 2004 ). On 38 the other hand, striking similarities between RAG1 and DDE transposase has been noted: common 39 reaction chemistry for DNA cleavage, similar organization of protein domain structure and 40 similarities between recombination signal sequences (RSSs) and terminal inverted repeat (TIRs) 41 targeted by transposases (Kapitonov and Jurka 2005; Fugmann 2010 ). The hypothetical transposon 42 ancestry of RAG was further supported upon the demonstration of RAG1-RAG2 mediated 43 transposition in vitro (Agrawal et al. 1998; Hiom et al. 1998 ) and in vivo (Chatterji et al. 2006; 44 Curry et al. 2007; Ramsden et al. 2010; Vanura et al., 2007) , thought the efficiency of such 45 reactions in vivo is highly disfavored comparing to recombination. 46 A next step in the understanding of RAG1-RAG2 recombinase evolution was the discovery of a 47 RAG1-RAG2-like locus in purple sea urchin genome, where genes for both proteins are oriented in 48 close proximity in a head-to-head manner as RAG1-RAG2 locus in vertebrates. However this locus 49 lacks TIR and thus does not show the typical features of a transposon (Fugmann et al. 2006 ).Due to 50 the similarity between RAG1 and Transib transposon (a family from the DDE transposon 51 superfamily) and the fact that RAG2 lacks similarity to any known transposon protein, even though 52 it harbors Kelch-like repeats and PHD domains as other eukaryotic proteins, led several authors to 53 propose that a Transib-like transposon joined the deuterostomian ancestor genome followed by 54 exons shuffling events bringing Transib and the ancestor of RAG2 together (Fugmann 2010) . As a 55 result, the RAG1-RAG2 locus was then recruited for an unknown function. A second much more 56 recent recruitment as RAG1-RAG1 V(D)J recombinase most likely occurred at the base of the 57 jawed vertebrates evolution. Kapitonov and Koonin (2015) went a step further and provided in 58 silico evidence that RAG1 and RAG2 subunits of the V(D)J recombinase evolved from two proteins 59 encoded in a single transposon as they found three sequences that could correspond to fossilized 60 RAG1-RAG2 transposon (including TIRs) in one starfish genome. A major step in the 61 understanding of the RAG1-RAG2 evolution was reported by our group (Huang et al. 2016) 62 showing for the first time the presence of an active RAG transposon in the cephalochordate 63
Branchiostoma belcheri named ProtoRAG. The full length ProtoRAG transposon is bound by 5 bp 64 target site duplications (TSDs) and a pair of terminal inverted repeats (TIRs) resembling V(D)J 65 recombination signal sequences (RSSs). Between the TIRs reside tail-to-tail oriented, intron-66 containing and co-transcribed, RAG1-like and RAG2-like genes. The RAG transposon has been 67 recently active in amphioxus as shown by indel polymorphisms. Furthermore the amphioxus 68 RAG1-RAG2-like proteins could mediate TIR-dependent transposon excision, host DNA 69 recombination, transposition and even signal joint formation at low frequency, using reaction 70 mechanisms similar to those used by vertebrates RAGs (Huang et al. 2016) . 71
Here we bring more information about the evolution of RAG transposons. We show that beside B. 72 belchieri, an active RAG transposon is found in the hemichordate Ptychodera flava, that several 73 fossilized transposons are found in several deuterostomes species suggesting that RAG transposon 74 has been active through the history of the deuterostome lineage. 75
76

Results
77
Description of an active RAG transposon in P. flava and many fossilized transposons in 78 deuterostomes 79
Due to the discovery of an active RAG transposon in amphioxus B. belchieri, we screened all the 80 available genome and EST projects using the query sea urchin RAG1L and RAG2L sequences. 81
Many hits in several deuterostomians species were found, hits are found in protosomians but they 82
show low similarity and correspond to the transib transposons (Panchin and Moroz 2008) and the 83 chapaev transposon family (Kapitonov and Jurka 2007) . The family reported by Panchin and Moroz 84 (2008) as well as many other families were found during our survey. However the connection 85 between these families and the RAG1-RAG2 is not clear even if they are related. 86
Among the hits found in deuterostomes, one of them corresponds to a complete transposon and 87 other several fossilized transposons (see Figure 1 and Supplementary Table 1 ) in the hemichordate 88 P. flava. In other deuterostome species, we found evidence for RAG1L-RAG2L structures without 89
TIRs but with many fragment copies of the RAG1L-RAG2L locus. some species with an 90 incomplete transposon with TIR and RAGL sequences and many other copies of RAG1L-RAG2L 91 fragments. The presence of TIR on many of these copies might indicate that they correspond to 92 fossilized transposons. Transcribed sequences database are available for several deuterostomes and 93 in most of the case RAG1L and RAG2L transcripts are found, complete or incomplete, thus 94 revealing the domestication of the transposon or their activity. 95
Based on the phylogeny of the RAG1L and RAG2L protein sequences (see Figure 2 and 96 supplementary table 1 for the phylogenetic analysis and the families description), we can find 97 several RAG families in P. flava. Among them, B and C families have unambiguous TIR and TSD 98 structure. Two copies of B family show a TSD-5TIR-RAG1L-RAG2L-3TIR-TSD structure. While 99 one of these two copies encodes a complete RAG1L and RAG2L protein, the other one corresponds 100 to RAG1L and RAG2L pseudogenes. However its presence confirms that the authentic RAG 101 transposon appears in this family. The C family has one copy with TSD-5TIR-(RAG1L-RAG2L)-102 3TIR-TSD structure, this copy seems to be inactivated (several in frame stop codons, 103 Supplementary Table 1 ). In addition, three 5TIR-3TIR copies with no recognizable RAG1/2 genes and one of those copies has both TSD. We also found 12 structures having the 5' or 3'TIR. We 105 failed to find TSD-TIR structure for other RAG-like families (A and unclassified families) in P. 106 flava, this could be due to the poor genome assembly or to the fact that some families have become 107 inactive. Anyway, these findings are sufficient to show that multiple families of RAG transposon 108 have been and are thriving in P. flava. Moreover, we found several fossilized transposons in the case 109 of Patiria minata as partially described in 2015 (Kapitonov and Koonin share TIR similarity, suggesting a possible common origin of RAG transposon between these two 118 species of amphioxus. However, there is no identity between B and C RAG transposon families in 119 P. flava, suggesting, despite the similarity between RAG-like proteins of both families, no TIR 120 similarity between each other, as they may be not reactive or functionally compatible. Previously, 121 an equivalent of RSS nonamer, a stretch of nine highly conserved nucleotides has been found in the 122 amphioxus ProtoRAG TIR, though this ProtoRAG nonamer has no similarity with the nonamer 123 found in RSS (Huang et al. 2016 ). However, there is no such nonamer or equivalently conserved 124 oligomer found in P. minata and P. flava B and C ProtoRAG family. All this suggests that the 125 nonamer structure is not important in echinoderms and hemichordates phyla, but became important 126 in amphioxus and vertebrates. 127
The species tree in Figure 1 found, but many copies of RAG1L-RAG2L are present on the genome without TIRs indicating that 137 might be fossilized transposons that became inactivated by the loss of the TIR sequences. 138
The case of S. purpuratus is more difficult to understand: the published RAG1L-RAG2L locus 139 (Fugmann et al. 2006 ) renamed here RAG1L-RAG2L B1, was believed to be domesticated, as the 140 RAG1L and RAG2L coding sequences are not interrupted by stop codons, RAG1L and RAG2L are 141 transcribed. And could be functional, but because no TIR sequences has been identified they cannot 142 be a transposon (Fugmann et al. 2006 ). However, we found many fragments which were highly 143 similar to this sequence in the S. purpuratus genome, which could reveal a recent transposition 144 event followed by the domestication of one of its copies (see supplementary data and Figure 3 ). We 145 found another RAGL copy which arose from a duplication event which occurred at the origin of the 146 echinoderms, named RAG1L-B2. The RAG1L-B2 copy is only found fragmented with multiple 147 recent copies in the genome whereas it is complete as RAG1L transcript. A possible explanation for 148 this second locus could be the existence of an active transposon with the genome sequence not well 149 assembled or otherwise a domesticated or recent fossilized transposon. For most of the species we 150 do not have information at the genomic level, but if we find RAGL transcript, this sequence could 151 correspond to an active transposon, domesticated transposon or recent pseudogene. This shows that 152 the transposon has been present in their ancestors. 153 154
Features of the proteins encoded by the RAG-like proteins 155
In ambulacraria (echinoderm and hemichordate) the deuterostome RAG1-like, 816-1136 aa-long shares around 26.52% sequence identity between RAG1L-B family and vertebrate RAG1, around 157 33.21% between the orthologous RAGL-A family and the vertebrate RAG1 and only 27.79% 158 between RAG1L-A and RAG1L-B, while inside RAG1L-B family are sharing 48.75% of sequence 159 identity and only 20.13% respect to Transib transposase in terms of core region. As regards to 160 RAG1 lancelet, 30.47% and 37.62% sequence identity are shared with A and B families 161 respectively and only 27.45% with RAG1 vertebrate (see Supplementary Figure 2A Figure 2B ). However, the N-terminal six-bladed β -propeller domain (six 180
Kelch-like repeats), which is conserved in both vertebrate RAG2 and ProtoRAG RAG2L, can be 181 discerned in RAG2L. Strikingly, amphioxus RAG2L lacks the entire RAG2 C-terminal region, 182 including the PHD domain as shown previously (Huang et al. 2016 ). However, this PHD domain is 183 present in all other echinoderm and hemichordate RAG2 proteins (Supplementary Figure 1B) . Thus, 184 the absence of this region in amphioxus RAG transposon might be a secondary loss. 185 186
Phylogenetic relation between the RAG families 187
The phylogenetic analysis with the complete RAG sequences from the available deuterostome 188 species are shown in Figure 2A and 2B and synthesized in Table 1 . At least two sub-families have 189 been present in the ancestral deuterostome, named RAGL-B and RAGL-A. Other families such as 190 RAGL-C have not been included in the phylogenetic history as they are found only in one species 191 (Table 1) . 192
In the case of the orthologous relation found between RAG1L-A of P. flava (hemichordate) and 193 vertebrates RAG1 recombinase, we can observe that RAGL-A was lost in many lineages excluding 
Sequence searches for TIR and TSD motifs 282
We used three methods to search target site duplication (TSD) and terminal invert repeat (TIR) 283 sequences. In the first method, the upstream and downstream 20 Kb of sequence flanking the 284 RAG1-RAG2-like sequences were extracted and separated into a set of small fragments (using a 285 window size of 60 bp and a step size of 1 bp). In the first method, each upstream fragment was 286 compared with each downstream fragment for 4-6 bp TSDs and possible TIRs using a custom Perl 287 script. We required 40% identity for potential TIR pairs, and allowed only one mismatch for TSD 288 pairs. In the second method, all upstream fragments were compared against all downstream 289 fragments using BLAST. We required a minimum e-value of 100 and sequence identity of 40% in 290 the BLAST search. However, these two methods failed to work well and provided no reliable 291 results. Therefore, we turn to the third method. In this method, we posited that if there are multiple 292 copies of ProtoRAG transposons in the genome assembly, comparison between these copies could 293 help to determine their terminal sequences (TIR, etc.). 294
295
We focused on finding more complete elements that contain both TIR and RAG gene fragments, 296 such as "5TIR-RAGs-3TIR", "5TIR-RAGs" and "RAGs-3TIR". 297
Here is our procedure: Therefore, the sequences containing the RAG1/2-like fragments and the 20 Kb flanking regions 312 were compared to each other and also to the whole genome assembly using BLAST. The terminal 313 sequences were analyzed using a custom Perl script and then subjected to manual inspection. 314 315
Summary of data availability 316
In order to detect the absence or presence of a given structure in the genome or transcriptome, we 317 need to extract all the available taxonomic information from the NCBI database. It has to be noted 318 that even if the sequence for a given genome is not complete, when RAG1L-RAG2L seems to be an 319 active transposon, we should find an active or at least a fossilized transposons (in several copies). 320
Focusing on the genome database we can find species such as Parastichopus parvimensis, 321 
